one of the major players that sequester p53 in cytoplasm. The CUL9 N-terminus binds the C-terminus of p53 and forms an approximately 1-MDa multi-protein complex that then blocks transport of cytosolic p53 into the nucleus, thus retaining p53 in cytoplasm 9 .
p53 has attracted much attention over recent years in the autophagy field, as p53 exhibits dual distinct roles in autophagy 10 . p53 transactivates the autophagy-related gene DRAM (damage-regulated autophagy modulator) 11 , which is required for p53's ability to induce autophagy 12 . Cytoplasmic p53 has been shown to repress autophagy via poorly characterized mechanisms 13 .
Geranylgeranoic acid (GGA), which consists of four isoprene units and has a carboxylic group at its terminus, is found in several medicinal herbs 14 . In the past decade, 4,5-didehydroGGA has been proven to suppress carcinogenesis in experimental animal models 15 and shown to be an efficient prevention chemical against second primary hepatoma in phase I/II/III clinical trials 16, 17 . We previously examined the molecular mechanism underlying second primary hepatomapreventive action of the polyprenoic acid, and showed that GGA induces cell death of human hepatoma-derived HuH-7 and PLC/ PRF/5 cells, both of which have p53 protein mutated in the core domain. In contrast, cell death was not observed after GGA treatment of wild-type p53 homozygote cells, such as mouse primary hepatocytes and human hepatoblastoma-derived HepG2 cells, in FBS-free medium 14 .
During GGA-induced cell death, HuH-7 cells display dissipated inner membrane potential of mitochondria 18, 19 . This mitochondriainvolved cell death showed characteristics of apoptosis, such as chromatin condensation as revealed by Hoechst staining. However, caspase inhibitors were unable to block GGA-induced cell death 18 . These results suggest that GGA-induced cell death is not a typical apoptotic process, but might be a caspase-independent and non-necrotic cell death. Recently, we found that GGA provides substantial accumulation of autophagosomes under serum starvation conditions in human hepatoma cells 19 . Autophagy-inducing stimuli should cause the depletion of cytoplasmic p53, which in turn is required for the induction of autophagy 13 .
In this context, we speculated that the mutant p53 accumulated in the cytoplasm of HuH-7 cells might disturb GGA-induced accumulation of autophagosomes. In other words, GGA should act on the accumulated p53 to remove it from the cytoplasmic compartment, translocating the cytoplasmic p53 into the nucleus and potentially reactivating the mutant p53 to induce cell death. In the present paper, we found a rapid nuclear translocation of p53 after GGA treatment of HuH-7 cells. To evaluate the mechanism by which GGA translocates mutant cytoplasmic p53 to the nucleus, we analysed native forms of the cytoplasmic p53 by applying GGA to postmitochondrial fractions in a cell-free system.
Results
Mutant p53 is involved in GGA-induced cell death of HuH-7 cells. As repeatedly reported, GGA induced cell death in HuH-7 cells in a dose-dependent manner (Figure 1a ). In order to know whether mutant p53 is involved in GGA-induced cell death, we conducted p53 knockdown experiment. Although the cellular levels of p53 in HuH-7 cells transfected with p53 siRNA were not completely knocked down, a significant down-regulation of cellular p53 levels was observed and GGA treatment did not change the cellular p53 levels ( Figure 1b ). However, GGA-induced cell death was significantly blocked in p53-siRNA-treated cells (Figure 1c ), indicating that p53 knockdown indeed rescued cell death induced by GGA, confirming that GGA works through the mutant p53 in HuH-7 cells.
Mutant p53 relocates from the cytoplasm to the nucleus by GGA treatment. As it was proved that the mutant p53 might play a role in GGA-induced cell death in HuH-7 cells, we speculated that GGA might translocate the mutant p53 into the nucleus to transactivate its target genes. As shown in Figure 2a , the cellular accumulation of the www.nature.com/scientificreports mutant p53 was observed in HuH-7 cells under basal conditions, compared with three other hepatoma cell lines. We next investigated changes in the subcellular localization of the accumulated p53 protein during GGA treatment. At first, we measured GGAinduced changes in the subcellular distribution of p53 by subcellular fractionation followed by western blotting. Although we found that GGA treatment decreased the cytoplasmic p53, we failed to demonstrate GGA-induced nuclear accumulation of p53 (Supplementary Figure S1 ). However, as clearly shown in Figure 2b , an immunofluorescence technique revealed that the p53 protein in non-treated HuH-7 cells accumulated as reticular forms in the cytoplasm and was completely excluded from the nucleus, whereas GGA treatment for 3 h induced a dramatic subcellular shift of the p53 protein from the cytoplasm to the nucleus. At 6 h after addition of GGA, the cytoplasmic levels of p53 became undetectable. In other words, almost all of the cellular p53 concentrated in the nucleus and no p53 remained in the cytoplasm 6 h after GGA treatment. Furthermore, transient post-translational modifications of p53, such as Ser-15 phosphorylation 20 and Lys-379 acetylation 21 , indicators for nuclear translocation, were induced by addition of GGA at 2 h ( Figure 2c ).
We next evaluated whether GGA-induced nuclear translocation was observed in PLC/PRF/5 cells, in which a lower cellular accumulation of mutant p53 was detected (Figure 2a ). PLC/PRF/5 cells accumulated p53 in the cytoplasm in normal culture conditions, similar to HuH-7 cells (Figure 2d ). PLC/PRF/5 cells also showed translocation of p53 from the cytoplasm to the nucleus by 3 h of GGA treatment, and a trivial amount of p53 remained in the cytoplasm 6 h after GGA treatment (Figure 2d ).
GGA-induced changes in native forms of p53 in the cytoplasmic space. To elucidate the mechanism by which cytoplasmic p53 translocates to the nucleus upon GGA treatment, we used the post-mitochondrial fraction to examine a direct effect of GGA on native forms of p53 in the cytoplasm, as mutant p53 accumulates mostly in this fraction in HuH-7 cells, but less either in the cytosol or mitochondria fraction (Supplementary Figure S2 ). Figure 3a clearly shows large native forms of p53 in the postmitochondrial fractions using blue-native (BN)-gradient PAGE. Unfortunately, we failed to detect major p53-positive bands, but observed a faint, vague, and broad 670-kD band on the blot of the BN-gradient gel with control post-mitochondrial fractions, indicating that most of the cytoplasmic p53 could be too large in size to penetrate into the gradient gel. We were able to detect relatively dense bands of a p53-containing complex at a molecular size of around 670 kD with samples incubated with GGA ( Figure 3a ). More importantly, the total amount of p53 that penetrated into the BN-gradient gel increased in a GGA concentration-dependent manner ( Figure 3a ), whereas in ordinary SDS-PAGE, the total amount of p53 stayed constant in post-mitochondrial samples incubated with any concentrations of GGA ( Figure 3b ). Interestingly, a 210-kD complex of p53 (the molecular size equivalent to a p53 homotetramer) was evident in all GGA-treated samples (Figure 3a ). Such changes were not observed with HepG2 cells (wild-type p53 control cell line).
Because of the relatively poor resolution of the BN-gradient PAGE, we next used cross-linking SDS-PAGE to examine GGAinduced changes in native forms of p53. In HuH-7 post-mitochondrial preparations incubated with increasing concentrations of GGA, a few major bands of p53-positive complexes larger than 250 kD were also detected by cross-linking SDS-PAGE ( Figure 3c ). Moreover, unlike the BN-gradient PAGE, a band of p53 monomer was detected in GGA-containing samples. These results were not observed with post-mitochondrial fractions of HepG2 cells and no GGA-induced changes were detected on the cross-linking SDS-PAGE membrane using HepG2 cells.
Both BN-gradient PAGE and cross-linking SDS-PAGE experiments strongly indicate that in HuH-7 cells prior to GGA treatment, most of the cytoplasmic p53 may exist as huge complexes larger than 670 kD, which do not enter the BN-gradient gel, and cell-free treatment with GGA reduced the molecular size of the cytoplasmic p53containing complex down to 670 kD and less.
p53 is released from putative huge complexes with GGA treatment. The GGA-induced p53 complex of .250 kD disappeared from the gel when the same experiment was conducted with the cytosolic fraction instead of the post-mitochondrial fraction (Figure 4a ), suggesting that the cytoplasmic p53 forms a huge multi-protein complex that sediments after 105 000 g for 90 min or sticks to organelles, such as the endoplasmic reticulum.
Studies from the literature have reported one of the possible huge complexes of cytoplasmic p53 is the CUL9/PARC multi-protein complex, with a molecular size of approximately 1 MD 22 . In the post-mitochondrial fractions from HuH-7 cells, p53 was able to successfully co-immunoprecipitate with anti-PARC in the absence of GGA (Figure 4b ), indicating that part of the cytoplasmic p53 might be complexed with PARC. Interestingly, the amount of p53 that co-immunoprecipitated with PARC was reduced after cell-free incubation of GGA in a concentration-dependent manner, indicating that p53 could be directly released from the PARC complex by addition of GGA in a cell-free system.
We tested another possibility for the large p53-containing complexes involving the interaction of p53 with microtubules, based on the theory in which cytoplasmic p53 forms a tetramer when p53 moves into nuclei via microtubules 23 . As described above, cross-linking SDS-PAGE followed by western blotting with anti-p53 revealed that GGA induced the p53 complex of over 250 kD, as shown in Figure 3c and Figure 4c . When this membrane was re-probed with an anti-b-IIItubulin antibody, co-existence of tubulin with p53 in the .250 kD complex was detected, but most of b-III-tubulin was not detected in the control post-mitochondrial fraction probably because of crosslinking of a/b-subunit assembly by tubulin filaments (Figure 4d ). GGA treatment upregulates PUMA gene expression in HuH-7 cells. GGA has been repeatedly reported to induce cell death in HuH-7 cells 18, 19, 24 . PUMA is a critical mediator of p53-dependent and -independent cell death 4 . Therefore, we investigated dosedependent changes in PUMA mRNA levels during GGA-induced cell death in HuH-7 cells. GGA upregulated PUMA mRNA levels in a dose-dependent manner, increasing levels from 1.3-fold higher than controls at 2.5 mM, up to 15.7-fold higher than controls at 20 mM at 8 h (Supplementary Figure S4a) . We then conducted a time-course experiment using 20 mM GGA (Figure 5a ). Treatment with 20 mM GGA clearly induced expression of PUMA mRNA levels as early as 2 h after treatment. At 8 h, the levels reached almost 17.7fold higher than control levels. In contrast, the mRNA levels of all other p53-target genes tested, including TIGAR, DRAM, p21, and SCO2, were not significantly induced after 24 h of GGA treatment, except that the cellular p21 mRNA levels were marginally upregulated at this time point (Figure 5a ). The cellular level of PUMA protein relative to b-actin was slightly higher after 4 h of 20 mM GGA treatment, which occurred slightly after GGA induction of the PUMA mRNA level (Figure 5a, Supplementary  Figure S4b ). The mitochondrial level of PUMA protein relative to porin was also increased at 6 h (Supplementary Figure S4b) .
To examine whether GGA-induced upregulation of PUMA gene expression in HuH-7 cells was associated with mutation of the p53 gene, we next evaluated the effects of GGA on PUMA gene expression in several other human hepatoma cell lines. Other cell lines, such as PLC/PRF/5 (mutant p53, R249S) and HepG2 (wild-type p53) did not show upregulation of PUMA mRNA levels after GGA treatment, except for Hep3B (p53-null) cells that showed an upregulation of 5fold at 4 h (Supplementary Figure S4c) , indicating that the dramatic effect of GGA on PUMA gene expression was highly specific for HuH-7.
Nuclear translocation of mutant p53 upregulates PUMA mRNA levels in HuH-7 cells. We next speculated whether GGA-induced nuclear translocation of p53 was involved in GGA-induced upregulation of PUMA mRNA levels in HuH-7 cells. We used ivermectin, a newly established inhibitor specific against importin a/b-mediated nuclear import 25 , to block GGA-induced nuclear translocation of p53. The drug suppressed GGA-induced nuclear translocation of p53 in HuH-7 cells and most of the cytoplasmic p53 remained around the perinuclear regions after 3 h of treatment with GGA ( Figure 5b ). Furthermore, we found that ivermectin also significantly suppressed GGA-induced upregulation of PUMA mRNA, although PUMA mRNA levels were still up-regulated by 4.5-fold with GGA-induction in the presence of ivermectin (Figure 5c ).
These findings led us to speculate whether GGA-induced nucleartranslocated mutant p53 is able to function in the transactivation and upregulation of PUMA gene expression. We next evaluated the impact of GGA on transcriptional activation of the PUMA gene using p53 response elements. In a luciferase reporter assay using a standard p53-responsive consensus sequence, GGA treatment did not upregulate reporter gene expression, and even downregulated it in a dosedependent manner (Supplementary Figure S5a) . In contrast, the reporter assay using the p53-responsive 59-upstream regulatory region of the PUMA gene demonstrated GGA-induced upregulation Figure S5b ).
Discussion
GGA is a cancer-preventive diterpenoid that has been recently shown to induce mitochondria-mediated cell death with an incomplete autophagic response in HuH-7 cells 19 . In the present study, we have clearly demonstrated that mutant p53 that accumulates in the cytoplasm of human hepatoma cell lines, including HuH-7 and PLC/ PRF/5, is translocated to the nuclear compartment immediately after treatment with GGA. Furthermore, p53 knockdown experiment clearly demonstrated that the mutant p53 might play an essential role in GGA-induced cell death. Therefore, prior to scrutiny at the molecular level as to the downstream signals of p53 occur in the GGA-treated hepatoma cell lines, it may be important to determine how GGA translocates cytoplasmic p53 to the nucleus.
In general, cytoplasmic accumulation of mutant p53 can be caused both by blocking proteasomal degradation of p53 as mediated by its binding with MDM2, a p53-specific E3 ubiquitin protein ligase, and by sequestration of p53 via formation of large p53-containing aggregates with other p53-binding cytoplasmic proteins, such as CUL9/PARC 26 , heat-shock proteins (HSPs) 27, 28 , and other proteins. It is reasonable to speculate that GGA that penetrated in the cytoplasm of HuH-7 cells may be able to change native forms of cytoplasmic p53 from putative huge aggregates (sedimenting at 105 000 g and 348 900 g for 90 min; Figure 4a and Supplementary Figure S2 , respectively) to a potent transportable form, which is likely composed of at least three components, such as tetrameric p53, motor proteins such as dynein, and subunits of microtubules 23 . Indeed, in cell-free experiments in the present study, we were able to demonstrate that GGA transforms native forms of cytoplasmic p53 from non-penetrating huge aggregates to penetrating approximate 670-kD complexes on both BN-gradient PAGE (Figure 3a ) and crosslinking SDS-PAGE ( Figure 3c ) in a dose-dependent manner. Furthermore, b-III-tubulin was shown to be crosslinked to these complexes in the presence of GGA in a dosedependent manner (Figure 4d ). We also showed co-precipitation of cytoplasmic p53 with CUL9/PARC using the post-mitochondrial fraction and GGA-dependent dissociation of p53 from CUL9/PARC. In this context, one can easily speculate that these cell-free effects of GGA on native forms of cytoplasmic p53 may enable p53 to be transiently Ser-15 phosphorylated 29 and Lys-379 acetylated 30 (Figure 2c ).
In parallel with stimulating nuclear translocation of p53, GGA also induced a dramatic upregulation of the PUMA gene, a key regulator of p53-mediated cell death, at the mRNA and protein levels in HuH-7 cells. Indeed, mitochondrial PUMA protein level increased 2-3-fold at 6 h after GGA treatment, which reasonably explains our previous findings that GGA efficiently dissipates the mitochondrial inner membrane potential and induces hyper-production of superoxide at mitochondria 18, 31 . Furthermore, GGA-induced upregulation of PUMA mRNA levels is clearly dependent on nuclear translocation of p53, as ivermectin, a specific inhibitor of importin e ab, blocked GGAinduced nuclear translocation of p53 and also partially suppressed GGA-induced upregulation of PUMA mRNA levels. Together these findings strongly suggest that GGA may reactivate the mutant p53 (Y220C) as a transcription factor via its nuclear translocation. However, none of the mRNA levels of p53 target genes tested in this study, including SCO2, TIGAR, DRAM, and p21, were upregulated by GGA treatment, suggesting that GGA-induced transcriptional activa- tion is specific for the PUMA gene in HuH-7 cells. In considering that the transactivation effect of GGA is specific for the PUMA gene, it is worth mentioning that p53-mediated transcription of the p53responsive consensus sequence was inversely suppressed by GGA treatment in a dose-dependent manner (Supplementary Figure S5a) , indicating that the nuclear-translocated mutant p53 behaved as a dominant negative mutant against the consensus sequence in p53 heterozygotic HuH-7 cells (unpublished results). However, the nucleartranslocated p53 transactivated a reporter gene downstream of the p53-responsive 59-upstream regulatory region of the PUMA gene after GGA treatment in a time-dependent manner in HuH-7 cells (Supplementary Figure S5b ), suggesting that the mutant p53 (Y220C) still retained its ability to play a role in transcription of the PUMA gene, which contains a low affinity BS1 p53 response element 32 .
On the contrary, PLC/PRF/5 cells did not upregulate PUMA gene expression after GGA treatment (Supplementary Figure S3c) , although the cells showed translocation of cytoplasmic p53 to the nucleus after GGA treatment, similar to HuH-7 cells (Figure 2 ). In this case, the nuclear-translocated p53 does not seem to transactivate the PUMA gene. While the Y220C mutation of p53 in HuH-7 cells resides at the beginning of the loop that connects b-strands S7 and S8 of the b-sandwich in the core domain of p53, the R249S mutation in PLC/PRF/5 cells is located at a DNA-contact region of the a-helix of the DNA-binding domain 33 . The former mutant is categorized into class iv, with a determinant structural region of the b-sandwich, which shows less affinity to DNA (35-75% of wild type), but the latter mutant belongs to class ii, with a determinant structural region of the D-binding region, which completely loses binding affinity to DNA 34 . Therefore, we speculate that PLC/PRF/5 cells might be no longer able to transactivate the PUMA gene, even though GGA translocated cytoplasmic p53 to the nuclear compartment. Inasmuch as GGA induces cell death in PLC/PRF/5 cells without induction of the PUMA gene, we are speculating that PUMA may not be solely responsible for GGA-induced cell death, but may be rather supportive for the cell death in HuH-7 cells.
Finally, we should provide a perspective on a link between nuclear translocation of cytoplasmic p53 and the GGA-induced autophagic response in HuH-7 cells 19 . Given that PUMA is able to induce autophagy 5 , GGA-mediated induction of PUMA gene expression through the nuclear-translocated p53 is not so much a question of cell-death inducing activity, but the GGA-induced disappearance of p53 from the cytoplasm may well be consistent with triggering autophagy. Kroemer's group noted that autophagy-inducing stimuli cause the depletion of cytoplasmic p53, which in turn is required for the induction of autophagy 35 . Whether the depletion of cytoplasmic p53 is necessary and sufficient for GGA-induced autophagy in HuH-7 cells has not yet been evaluated, though it is clear that both events occur within 3 h after GGA addition. Indeed, upon GGA treatment, PLC/ PRF/5 cells continued to die even without induction of PUMA, suggesting that the up-regulation of PUMA expression is not essential for GGA-induced cell death. Unlike HepG2 cells, but similar to HuH-7 cells, PLC/PRF/5 cells showed a rapid nuclear translocation of the cytoplasmic p53 ( Figure 2d ) and a massive accumulation of autophagosomes (unpublished results) following GGA treatment, implying that a nuclear translocation of cytoplasmic p53 is important for GGA-induced autophagic cell death.
In conclusion, the present study clearly illustrates that GGA, a cancer-preventive acyclic diterpenoid, induces rapid nuclear translocation of cytoplasmic p53 in human hepatoma-derived HuH-7 cells and results in selective and dramatic upregulation of PUMA gene expression, which might be linked to cell death with accumulation of autophagosomes 19 .
Methods membrane under semi-dry conditions. The proteins on the membranes were fixed with 8% acetic acid for 15 min, rinsed with deionized water, and briefly air-dried. The membranes were washed in methanol to remove excess Coomassie blue dye, rinsed with deionized water, shaken in PBS-T (PBS(2) containing 0.1% polyoxyethylene sorbitan monolaurate) for 5 min, blocked in 5% skim milk in PBS-T for 1 h at room temperature, and incubated overnight with an anti-p53 monoclonal antibody (Sigma Aldrich).
Cross-linking SDS-PAGE. Prior to addition of a cross-linking agent, the pH of the solutions containing samples from GGA (0-20 mM) treatment in cell-free experiments was adjusted between 6.5 and 7.5 with 2 M HCl. The samples were then incubated with a 0.04 mM BMH (bis(maleimido) hexane; Pearce Biotechnology, Rockford, IL, USA) cross-linker for 2 h at 4uC. The non-reacted cross-linking agent was then quenched with 42 mM dithiothreitol, and the samples were subjected to SDS-PAGE followed by immunoblotting analysis.
Co-immunoprecipitation. After treatment with GGA (0-20 mM), the samples were incubated with normal rabbit IgG or the polyclonal anti-PARC antibody at 4uC for 1 h with gentle mixing. The immune complexes were precipitated with EZview Red Protein G Affinity Gel beads (Sigma Aldrich), which were pre-washed with PBS(2) twice for 1 h at 4uC with gentle mixing. The nonspecifically bound proteins were removed by washing the beads with PBS(2) three times at 4uC. The beads in PBS (2) were centrifuged for 30 s at 8 200 g. The pellet was resuspended with 25 ml of PBS(2) and 2 3 sample buffer, and the samples (10 ml) were subjected to SDS-PAGE and immunoblotting analysis.
Dual luciferase assay. HuH-7 cells were seeded in 96-well plates 1 day before transfection. Either the Cignal p53 reporter vector containing a p53-responsive consensus sequence (100 ng/well; Qiagen, Tokyo, Japan) or the PUMA Frag1luciferase vector containing the p53-responsive 59-upstream regulatory region of the PUMA gene (120 ng/well; Addgene, Cambridge, MA, USA) and the pRL-SV40 control vector (3 ng/well; Promega, Tokyo, Japan) were co-transfected using Lipofectamine 2000 and cells were incubated overnight. The cells were treated with GGA (0-20 mM) after transfection, and firefly and renilla luciferase activities were analysed by the Dual-Luciferase Reporter Assay System (Promega). The intensity of chemiluminescence was measured with CentroXS 3 (Berthold Technologies Japan, Tokyo, Japan).
